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IHTRODUCTION, 

In  1910  it  was  thought  advisable  to  run  a  series  of  tests  on 
I  beams  for  the  purpose  of  investigating  the  formulas  for  the  elas- 
tic limit  and  ultimate  strength  of  beams  under  conditions  common  in 
practice.  As  a  result,  data  were  compiled  by  Messrs.  Deuchler  and 
Weston  on  various  lengths  and  sizes  of  I  beams.  As  a  continuation 
of  these  tests,  and,  in  order  to  more  fully  complete  the  available 
data,  the  present  thesis  was  undertaken. 

Previous  to  these  tests,  very  little  had  been  done  in  an  ex- 
perimental way  along  this  line;  but,  as  a  result  of  the  tests  of 
Professor  Marbiirg  of  the  University  of  Pennsylvania  and  others,  it 
was  decided  to  undertake  these  theses  to  determine  the  effect  of 
lateral  restraint  upon  the  ultimate  strength  and  elastic  limit  of 
beams,  the  variation  of  the  maximum  fiber  stress  with  the  span,  and 
the  relative  yield  points  of  the  material  in  tension  and  compression. 


THEORY  AND  AVAILABLE  DATA. 

The  number  or  experiments  that  have  been  performed  on  steel  I 
beams,  as  well  as  the  amoimt  or  mathematical  discUBsion  on  the  sub- 
ject, is  very  small.  The  available  material  may  be  divided  into  two 
classes:-  (a)  hand-book  data;   (b)  experimental  data.  The  former  ia 
valuable  in  that  it  furnishes  a  means  of  obtaining  the  permissible 
loads  that  can  be  used.  The  experimental  data,  with  the  exception  of 
the  results  obtained  by  Messrs.  Deuchler  and  Vi/eston  in  1910,  is  of  w 
very  little  value  as  a  means  of  comparing  results. 

MARBURG *S  TESTS.  One  of  the  most  interesting,  and  probably 
the  most  extensive  series  of  tests  was  conducted  by  Professor 
Marburg  of  the  University  of  Pennsylvania.  The  purpose  of  these 
tests  was  to  determine  the  relative  strengths  of  the  Bethlehem  spec- 
ial sections  and  the  standard  I-beams  in  order  to  determine  the  rel- 
ative economy  of  metal.  The  Bethlehem  beajns  have  a  T/ider  flange  ana 
thinner  web,  which  gives  a  lower  weight  for  corresponding  section 
moduli.  In  these  tests,  Professor  Marburg  found  that  the  standard 
beams  failed  aimosc  uniformly  by  sidewise  buckling,  while  the  Beth- 
lehem sections  failed  by  twisting  of  the  web,  the  beam  taking  the 
form  of  a  flat  letter  "S"  the  flange  remaining  straight.  These  beams 
were  tested  without  sidewise  restraint;  both  the  Bethlehem  and 
standard  sections  showed  a  maximum  strces  considerably  less  than 
the  theoretical  value. 

Another  interesting  feature  of  these  tests  was  the  variation 
in  strength  of  the  various  specimens  taken  from  the  roots  of  the 
flanges,  the  web  near  the  flange,  and  the  outer  edge  of  the  flange. 
Specimens  taken  froro  the  root  of  the  flange  showed  a  considerably 
lower  elastic  limit  than  the  other  specimens.  Professor  Marburg  ex- 
plained this  variation  as  due  to  the  difference  in  the  amount  of 
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rolling  received  by  the  different  portions  of  the  beam,  the  parts 
receiving  the  least  rolling  being  the  weakest. 

Professor  Marburg  also  found  that  the  modulus  of  rupture  for 
both  the  standard  and  Bethlehem  sections  loaded  at  the  quarter 
points  was  much  less  than  for  beams  loaded  at  the  middle. 

HANCOCK'S  TESTS.    About  a  year  after  ProfesBor  Marburg  con- 
ducted his  experiments  at  the  University  of  Pennsylvania,  Mr.  E.  L. 
Hancock  performed  a  number  of  experiments  on  specimens  taken  from 
different  portions  of  I  beams  to  determine  their  relative  strengths 
and  causes  for  their  variation.  The  experiments  rrere  conducted  very 
carefully;  microscopic  examinations  T^ere  made  to  determine  the  tex- 
ture of  the  fibers  in  each  specimen.  In  drawing  his  conclusions,  Mr. 
Hancock  virtually  corroborated  Professor  Marburg's  results  as  to  va- 
riation of  strength  of  material.  Mr.  Hancock  found  that  the  texture 
and  strength  of  the  specimens  varies  with  the  amount  of  irorking  the 
metal  receives. 

MICHELL'S  ANALYSIS.-     In  the  "Philosophical  Magazine"  of  Sep- 
tember 1Q99,  Mr.  A.  G.  M.  Michell  gives  a  discussion  on  the  theory 
on  the  failure  of  beams  based  on  the  theory  that  beams  fail  more  be- 
cause of  lack  of  torsional  rigidity  than  flexToral  rigidity,  the  re- 
sults of   hi  a    forwulas        can  not  be  compared  with  those  of  this 
thesis,  because  the  factor  representing  the  torsional  rigidity  is 
not  available. 

HESS'  ANALYSIS.    Mr.  H.  D.  Hess,  in  a  paper  presented  before 
the  Engineers  Club  of  Philadelphia,  developed  a  formula  giving  the 
variation  in  the  length  of  beams  with  their  length.  This  formula  is 
based  on  Rankine's  column  formula,  the  force  in  the  compression 
flange  being  assumed  to  act  along  the  axis  of  the  flange.  Prom  the 
fact  that  this  force  varies  from  zero  at  "the  ends  to  a  maximum  at 


the  center,  a  length  of  span  is  deduced  such  that  the  combination 
of  the  buckling  effect  due  to  this  length  and  the  streee  occurring 
at  its  end  gives  a  maximum  fiber  stress.  This  formula  is  developed 
for  a  uniform  load.  In  the  thesis  of  Messrs.  Deuchler  and  Weston 
the  constant  of  the  formula  has  been  deduced  for  third^point  load- 
to  make  it  applicable  to  their  tests. 

In  addition  to  the  articles  given  above,  there  is  a  discus- 
Bion  of  doubtful  reliability  by  A.  E.  Guy  based  on  an  elaborate 
series  of  experiments  on  wooden  beams;  there  is  also  the  thesis 
of  W.  E.  Deuchler  and  F.  W.  Weston,  of  which  the  present  thesis  is 
a  continuation. 
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MATERIALS.  APPARATUS  AND  MANIPUrJlTION,, 

In  all,  fourteen  tests  were  made  on  standard  I  beams  pur- 
chased in  the  open  market  and  rolled  by  the  Illinois  Steel  Company* 
All  of  these  were  8  in.  18  lb.  I  beams.  The  lengths,  sections  and 
other  important  data  concerning  the  I  beams  are  found  in  Table  1. 

The  beams  were  tested  under  three  conditions;-  with  and  with- 
out lateral  support,  and  with  the  ends  restrained  laterally.  In 
tests  1,  5,  10,  11,  and  12  the  two  8  in.  18  lb.  beams  were  fastened 
together  on  the  compression  side  by  batten  plates  4  in.  x  3-8  in.  x 
1  ft.  spaced  approximately  one  foot  center  to  center,  as  shown  in 
Figure  8.  In  tests  7,  9,  and  14,  single  beams  with  ends  fixed  as 
as  shown  in  Figures  4  and  9  were  used.  In  the  remaining  tests,  the 
beams  were  left  free  to  move  in  any  direction. 

In  the  above  tests,  the  load  was  applied  at  the  third,  sixth 
and  middle  points  of  the  beam,  and  was  distributed  to  the  proper 
points  of  application  by  means  of  a  short  beam  of  sufficient  depth 
and  section,  bearing  on  rollers  and  plates.  The  beams  were  support- 
ed at  the  ends  by  ordinary  rocking  supporting  blocks,  spherical 
blocks,  and  rollers  with  plates.  The  load  was  applied  to  the  loading 
beam  by  means  of  a  spherical  block  and  seat  at  the  center,  as  shown 
in  Figure  3.  In  the  majority  of  the  tests,  an  Olsen  200,000-pound 
beam-testing  machine  with  a  long  table  was  used. 

In  performing  the  tests,  two  measurements  were  taken:-  the  de- 
formation of  the  upper  and  lower  flanges  for  a  guage  length  of  10 
inches  taken  at  the  middle  of  the  beam,  and  the  deflection  of  the 
beam  at  the  center.  In  observing  the  deformation  of  the  upper  and 
lower  flanges,  an  extensometer  as  illustrated  in  Figures  10  and  11 
was  used.  Two  castings,  of  shape  shown  in  Figure  1,  were  fastened 
10  inches  apart,  to  each  side  of  both  the  upper  and  lower  flanges. 
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These  furnished  a  means  of  keeping  a  standard  guage  length.  The 
castings  were  fitted  with  spherical  balls;  and  the  change  of  die- 
between  the  balls  of  a  pair  of  clamps  was  measured  with  a  machinist's 
test  guage  suitably  mounted.  In  observing  the  deflection  at  the  cen- 
ter of  the  beam,  three  devices  were  used:-  wire-wound  dials,  exten- 
someters  and  a  graduated  scale.  Several  methods  of  supporting  the 
wound  dial  were  devised,  but  none  proved  satisfactory  because  of  the 
interference  of  the  necessary  supports  with  the  manipulation  of  the 
extensometer  used  in  taking  the  flange  readings.  The  extensometer 
used  was  of  special  design,  and  had  been  used  in  previous  work.  It 
consisted  of  the  ordinary  dial,  with  two  arras  of  rather  short 
lengths,  the  ends  of  which  were  hollowed  so  as  to  give  a  conical 
bearing.  In  manipulating  the  extensometer,  it  was  placed  between  two 
spherical  balls,  one-half  inch  in  diameter,  arranged  one  above  the 
other  as  shown  in  Figure  5.  These  balls  furnished  a.  bearing  for  the 
ends  of  the  extensometer  and  prevented  errors  due  to  the  centering 
of  the  instrument.  This  device  was  used  only  in  test  5.  For  tests 
7,  10,  13  and  14,  a  graduated  scale  v?-as  fastened  to  the  beam  betv/een 
the  flanges.  A  wire  v/as  then  stretched  from  one  end  of  the  beam  to 
the  other,  and  passing  through  the  center  of  the  beam  directly  over 
the  supports.  A  heavy  elastic  was  attached  to  one  end  of  the  wire  to 
keep  it  taut.  This  proved  to  be  the  most  satisfactory  though  least 
sensitive  of  any  of  the  devices  used.  Figures  5,  6,  7,  10,  and  11 
show  the  kinds  of  devices  used  and  the  method  of  application. 

One  thousand  pounds  was  taken  as  a  zero  loading  and  all  zero 
readings  v;ere  taken  at  that  load.  The  load  was  applied  to  the  beam 
by  increments,  and  when  removed,  was  always  brought  back  to  the  zero 
loading.  When,  after  several  increments  which  caused  appreciable 
sets  had  been  applied,  all  instruments  were  removed  and  the  beams 
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tested  to  failure.  After  each  reading,  the  extensometer  for  flange 
measuremento  was  compared  with  a  standard  previously  ostablishod  so 
as  to  prevent  errors  due  to  the  instrument.  All  flange  readince  were 
taken  to  the  nearest  ten- thousandth  of  an  inch* 

After  the  beams  were  tested,  specimens  for  tension  and  com- 
pression tests  were  cut  from  the  least  stressed  portions  of  the  web 
and  flanges,  as  shown  in  Figure  2*  Onlj''  the  specimens  taken  from 
the  flanges  were  tested,  the  remaining  specimens  being  reserved  for 
a  future  date.  In  the  tension  teste,  the  yield  point  was  noted  by 
the  drop  oP  the  beam  and  by  means  of  dividers.  In  the  compression 
tests,  the  ends  were  fixed  as  shown  in  Figure  12  and  the  yield  point  | 
observed  by  means  of  the  autographic  attachment.  The  results  of  the 
tests  on  the  above  specimens  are  sho\vn  in  Table  4 
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CURVES  1  to  38  INCLUSIVE. 

Note:-    All  curves  marked  "A"  are  load-deflection  curves. 

All  curves  marked  "B"  represent  the  average  deformations 

of  the  compreeeion  flanges  of  the  I  beams. 
All  curves  marked  "C"  represent  the  deformations  of  the 
compression  flanges  of  the  beams  which  showed  the 
greatest  deformation. 
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DISCUSSION  OP  RESULTS. 

In  general,  there  were  tv;o  inothode  of  fo.iliire,  by  sidewise 
buckling  and/^bonding.  The  formor  is  probably  due  to  one  of  three 
causes:-  first,  eccentricity  in  the  metal  due  to  imperfect  rolling; 
second,  Btreesee  due  either  to  eccentric  loading  or  initial  internal 
stresses;  and  third,  lack  of  homogenei^iy  of  the  metal  of  which  the 
flange  ia  composed. 

As  may  be  seen  from  Curves  39  and  40,  no  appreciable  advantage 
is  gained  by  lateral  restraint  for  short  spans;  but  for  lengths  up  to 
ten  feet,  there  is  a  constant  increase  in  the  ultimate  strength  of 
the  beams  restrained  laterally  over  those  with  fixed  ends.  Prom  this 
point  on,  a  constant  difference  in  favor  of  the  beams  restrained  lat- 
erally is  evident.  Prom  this  it  may  be  concluded  that  no  appreciable 
advantage  is  obtained  by  restraining  beams  laterally  for  spans  which 
have  a  ratio  of  span  to  width  of  flange  of  less  than  thirty. 

By  referring  to  Table  2,  it  is  evident  that  the  extreme  fiber 
stress  developed  by  the  beams  is  greatest  when  the  beam  is  loaded  so 
that  the  maximum  moment  is  constant  over  the  shortest  distance.  Por 
example,  in  beams  loaded  at  the  center, third  and  sixth  points,  the 
fiber  stresses  developed  were  as  follows:-  36,350,  35,350  and  32,870 
respectively.  This  coincides  with  the  results  of  the  investigations 
made  by  Professor  Marburg.  This  phenomenon  is  due  to  the  fact  that  a 
greater  portion  of  the  beam  has  the  same  fiber  stress  v;hen  the  beam 
is  loaded  at  the  third  and  sixth  points  than  when  the  load  is  ap- 
plied at  the  middle. 

Prom  Tables  2  and  4  it  may  be  seen  that  the  yield  points  of 
the  test  specimens  cut  from  the  beams  are  approximately  the  same 
for  both  tension  and  compression,  with  an  average  variation  of 
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0.847  per  cent  in  favor  of  oompreseion.  thio  ic  probably  due  to  the 
different  methods  of  determining  the  yield  point,  the  autographic 
diagram  being  used  for  compression,  while  in  tension  the  yield  point 
was  determined  solely  by  noting  the  drop  of  the  testing  machine.  Fur- 
ther information  on  the  subject  may  be  obtained  by  referring  to 
Messrs.  Caldwell  and  Dalenberg's  thesis  for  1911  entitled  "  Tests  of 
Lacing  Bars" . 

By  referring  to  Tables  2  and  4,  it  may  be  seen  that  the 
stress  developed  in  the  compression  flange  of  short  spans  at  ulti- 
mate agrees  quite  closely  with  the  yield  point  obtained  from  the  ten- 
sion specimens.  These  conclusions  agree  with  those  of  the  thesis  of 
Messrs.  Deuchler  and  Weston,  of  which  this  thesis  is  a  continuation. 
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DATA    FOR  CURMES  TAKEM  FROM  CXPERIMENTS. 
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CONCLUSIONS. 

From    the  tests  performed  and  described  in  this  thesis,  the 
following  conclusions  hav«  been  raade:- 

1.  That  lateral  restraint  becomes  effective  when  the  ratio  of 
the  span  to  the  width  of  flange  is  about  thirty. 

2.  That  the  yield  points  in  tension  and  compression  agree 
closely. 

3.  That  the  maximum  computed  fiber  stress  which  can  be  devel- 
oped by  a  short  beam  in  the  compression  flange  is  about  equal  to  the 
yield  point  in  tension  of  the  material  of  the  beam. 

4.  That  the  maximum  fiber  stress  developed  is  greatest  for 
that  loading  for  which  the  bending  moment  is  constant  over  the  short- 
est distance. 


